The aim of the present study was to evaluate the effect of amiodarone on mean arterial pressure (MAP), heart rate (HR), baroreflex, BezoldJarisch, and peripheral chemoreflex in normotensive and chronic onekidney, one-clip (1K1C) hypertensive rats (N = 9 to 11 rats in each group). Amiodarone (50 mg/kg, iv) elicited hypotension and bradycardia in normotensive (-10 ± 1 mmHg, -57 ± 6 bpm) and hypertensive rats (-37 ± 7 mmHg, -39 ± 19 bpm). The baroreflex index (∆HR/ ∆MAP) was significantly attenuated by amiodarone in both normotensive (-0.61 ± 0.12 vs -1.47 ± 0.14 bpm/mmHg for reflex bradycardia and -1.15 ± 0.19 vs -2.63 ± 0.26 bpm/mmHg for reflex tachycardia) and hypertensive rats (-0.26 ± 0.05 vs -0.72 ± 0.16 bpm/mmHg for reflex bradycardia and -0.92 ± 0.19 vs -1.51 ± 0.19 bpm/mmHg for reflex tachycardia). The slope of linear regression from ∆pulse interval/∆MAP was attenuated for both reflex bradycardia and tachycardia in normotensive rats (-0.47 ± 0.13 vs -0.94 ± 0.19 ms/mmHg and -0.80 ± 0.13 vs -1.11 ± 0.13 ms/mmHg), but only for reflex bradycardia in hypertensive rats (-0.15 ± 0.02 vs -0.23 ± 0.3 ms/mmHg). In addition, the MAP and HR responses to the Bezold-Jarisch reflex were 20-30% smaller in amiodarone-treated normotensive or hypertensive rats. The bradycardic response to peripheral chemoreflex activation with intravenous potassium cyanide was also attenuated by amiodarone in both normotensive (-30 ± 6 vs -49 ± 8 bpm) and hypertensive rats (-34 ± 13 vs -42 ± 10 bpm). On the basis of the well-known electrophysiological effects of amiodarone, the sinus node might be the responsible for the attenuation of the cardiovascular reflexes found in the present study.
Introduction
Amiodarone is a drug classified as a class III antiarrhythmic due to blockage of potassium channels, which lengthens the cardiac repolarization and the effective refractory period (1, 2) . In addition, class I (Na + channel blockade), II (non-competitive ß-adrenergic blockade) and IV (Ca 2+ channel blockade) properties (3) , as well as a reserpine-like sym-patholytic action (4) have been identified in the action of amiodarone. Because of these actions, amiodarone has been widely used for the acute and chronic treatment of ventricular and supraventricular arrhythmia (5) (6) (7) . The mechanisms of these antiarrhythmic actions of amiodarone, however, are somewhat complex and are poorly understood. In addition to these electrophysiological effects, a recent study reported that intravenous amiodarone increased the efferent vagal discharge and decreased the sympathetic activity to the heart of normotensive rats (8) . Moreover, it has been demonstrated that intravenous amiodarone modified autonomic balance and increased baroreflex sensitivity in both normotensive and spontaneously hypertensive rats (SHR) (9) . Nevertheless, there are no data reporting the effect of amiodarone on any other model of hypertension.
Chronic one-kidney, one-clip (1K1C) hypertension is an experimental model extensively studied in rats (10) . This model is characterized by an initial rise in arterial pressure (AP) triggered by increased plasma renin activity and fluid volume expansion, followed by a chronic increase in peripheral and central sympathetic activity that appears to contribute significantly to the maintenance of hypertension (10, 11) . In addition, it has been well documented that this hypertensive model exhibits a depressed cardiac baroreflex (12) .
Therefore, the objective of the present study was to examine the following aspects in conscious 1K1C hypertensive rats: 1) the hemodynamic effects of amiodarone, and 2) the role played by amiodarone in cardiovascular reflexes, i.e., the baroreflex control of heart rate (HR), Bezold-Jarisch reflex and peripheral chemoreflex.
Material and Methods

Animals and surgical procedures
Experiments were performed on conscious normotensive and chronic (4 weeks) 1K1C hypertensive male Wistar rats weighing 300-350 g. The normotensive groups consisted of 9 animals which received vehicle and 9 animals which received amiodarone, while the 1K1C hypertensive groups consisted of 9 animals which received vehicle and 11 animals which received amiodarone.
1K1C hypertension was produced by partial constriction of the main left renal artery with a silver clip (gap of 0.20 mm) followed by contralateral nephrectomy according to the technique adapted by Schaffenburg (13) to small animals. After surgery, 1K1C hypertensive animals were housed in cages with free access to tap water and kept in a room with a 12-h light/dark cycle. The experimental protocols were started 4 weeks after surgery for the induction of hypertension.
Twenty-four hours before the experiment, under anesthesia with 99% 2,2,2 tribromoethanol (250 mg/kg, ip), catheters were placed into the left femoral artery and vein for direct measurement of AP and for drug administration, and exteriorized on the back of the animal. Next day, the arterial catheter was connected to a strain-gauge transducer (P10Ez; Spectramed, Oxnard, CA, USA) for AP recordings. The signal was amplified (Stoelting, Wood Dale, IL, USA) and continuously sampled (1 kHz) with an IBM/PC equipped with a 12-bit analog-to-digital interface (CAD 12/36 Lynx Tecnologia Eletrônica, São Paulo, SP, Brazil). Systolic, diastolic and mean arterial pressure (MAP, mmHg), as well as HR and pulse interval (PI) were calculated from pressure waveforms using a computer software (Windaq/ CODAS; Dataq Instruments, Akron, OH, USA).
Intravenous administration of amiodarone or vehicle
Amiodarone (amiodarone hydrochloride;
Galena Química e Farmacêutica Ltda., Campinas, SP, Brazil) was dissolved in a vehicle solution consisting of a mixture (1:1:8) of polysorbate 80 (Tween 80; Sigma, St. Louis, MO, USA), ethanol (Merck S.A., Rio de Janeiro, RJ, Brazil) and distilled water. An amiodarone dose of 50 mg/kg was administered iv in a volume of 1 mL/kg, and was chosen on the basis of pharmacokinetic and pharmacodynamic studies in rats (4, 14) .
Experimental protocol
The protocol consisted of 20 min of basal recording followed by iv administration of amiodarone or vehicle. After stabilization of AP and HR (~15 min after amiodarone or vehicle) the pharmacological stimulation of baroreflex, Bezold-Jarisch reflex and peripheral chemoreflex was performed. All drugs used to stimulate the cardiovascular reflexes were injected in a small volume corresponding to 0.1 mL/kg.
Reflex variations in HR were elicited by changes in MAP induced by bolus injection of a single dose of phenylephrine (4 µg/kg, iv) or sodium nitroprusside (8 µg/kg, iv). Baroreflex sensitivity was assessed as follows: 1) the baroreflex index was calculated as the ∆HR/∆MAP ratio (bpm/mmHg) for reflex bradycardia and reflex tachycardia, and 2) the linear regression slope (ms/mmHg) was determined by fitting changes in PI/ changes in MAP. Two different coefficients were calculated, one representing the reflex bradycardia and the other the reflex tachycardia. Only rats that presented a linear correlation between MAP and PI higher than 0.75 were considered in the study.
The Bezold-Jarisch reflex was stimulated by iv injection of 5 doses (2, 4, 8, 16 , and 32 µg/kg) of serotonin (5-HT; Sigma, St. Louis, MO, USA) given in a random sequence. All dose-response curves were plotted as percent changes in MAP or HR.
Stimulation of the peripheral chemoreceptors was obtained by means of cytotoxic hypoxia induced by bolus injection of potassium cyanide (KCN, 140 µg/kg; Merck, Darmstadt, Germany). Literature data have demonstrated that KCN produces an appropriate activation of the peripheral chemoreceptors in rats (15, 16) . Cardiovascular responses to peripheral chemoreflex activation were evaluated by percent changes in MAP and HR from basal values.
Statistical analysis
Data are reported as means ± SEM. The paired Student t-test was used to compare basal MAP and HR before and after the administration of amiodarone or vehicle in each group. Cardiovascular reflex responses were compared between vehicle and amiodarone administration in normotensive and 1K1C hypertensive rats as follows: the effect of amiodarone, or vehicle, on baroreflex and arterial chemoreflex sensitivity was evaluated by the non-parametric Mann-Whitney test, while changes in the sensitivity of the Bezold-Jarisch reflex were assessed by repeated measures two-way analysis of variance, followed by the post hoc Tukey test for multiple comparisons. Differences were considered significant when P < 0.05. Table 1 shows the HR and MAP data for normotensive and 1K1C hypertensive rats before and after amiodarone or vehicle administration. 1K1C hypertensive rats exhibited a higher basal MAP but similar basal HR compared to normotensive rats. Amiodarone produced similar reductions in HR in normotensive (-17 ± 2%) and 1K1C hypertensive (-13 ± 5%) rats. Besides bradycardia, amiodarone also caused a decrease in MAP in normotensive and 1K1C hypertensive rats. The hypotensive effect of amiodarone was significantly higher in 1K1C hyper-P.F. Oliveira et al.
Results
Effects of amiodarone on basal HR and MAP
tensive rats (-22 ± 2 vs -10 ± 1% in normotensive group). Vehicle administration did not change HR or MAP in either normotensive or 1K1C hypertensive animals.
Effects of amiodarone on baroreflex sensitivity
Baroreflex index. Amiodarone caused a reduction of baroreflex sensitivity for both reflex bradycardia and tachycardia in normotensive rats compared to vehicle ( Figure  1 ). The reflex bradycardia and tachycardia were similarly attenuated by amiodarone, i.e., approximately 50%. Figure 1 also shows that 1K1C hypertensive rats presented an attenuated reflex bradycardia and tachycardia compared to normotensive rats. Amiodarone caused an additional attenuation of both reflex responses in 1K1C hypertensive rats, with the reflex bradycardia displaying greater attenuation (67%) than tachycardia (39%). Figure 2 shows that the linear regression slope between changes in PI and MAP (ms/ mmHg) corresponding to reflex bradycardia and reflex tachycardia was greatly attenuated by amiodarone in normotensive rats. In 1K1C hypertensive rats amiodarone induced further attenuation of baroreflex sensitivity only in reflex bradycardia (Figure 2 ).
Linear regression
Effects of amiodarone on the Bezold-Jarisch reflex
Intravenous injection of 5-HT induced dose-dependent reflex mediated reductions in MAP and HR. The response pattern of the Bezold-Jarisch reflex was similar in normotensive and 1K1C hypertensive rats ( Figure  3 ). Amiodarone attenuated the bradycardia (lower left panel) and hypotension (upper left panel) elicited by doses of 5-HT higher than 4 µg/kg compared to vehicle. The same response pattern was observed in 1K1C hypertensive rats treated with amiodarone (lower and upper right panels).
Effects of amiodarone on the peripheral chemoreflex
Intravenous injections of KCN produced peripheral chemoreceptor-mediated hypertension and bradycardia. Figure 4 shows the magnitude of the reflex changes in MAP and HR elicited by KCN in normotensive and 1K1C hypertensive rats treated with vehicle or amiodarone. In normotensive rats the hypertensive response (upper left columns) did Table 1 . Heart rate (HR) and mean arterial pressure (MAP) before (baseline) and 20 min after intravenous administration of 50 mg/kg amiodarone to normotensive and chronic one-kidney, one-clip (1K1C) hypertensive rats.
MAP (mmHg) HR (bpm)
Before After Before After
Normotensive rats Vehicle 105 ± 4 100 ± 3 (-4 ± 2%) 335 ± 8 348 ± 7 (4 ± 2%) Amiodarone 104 ± 3 94 ± 3* (-10 ± 1%) 341 ± 8 287 ± 7* (-17 ± 2%)
Hypertensive (1K1C) rats Vehicle 191 ± 7 + 196 ± 11 (2 ± 3%) 368 ± 8 375 ± 14 (2 ± 3%) Amiodarone 174 ± 8 + 134 ± 4* (-21 ± 3%) 333 ± 13 278 ± 10* (-11 ± 6%) Data are reported as means ± SEM for 9 to 11 rats in each group. *P < 0.05 versus respective baseline (paired Student t-test); + P < 0.05 vs baseline of the normotensive group (Student t-test). Normotensive rats 1K1C rats not differ between vehicle and amiodarone, while bradycardia (lower left columns) was attenuated by amiodarone. Similarly, in 1K1C hypertensive rats amiodarone caused no change in the hypertensive response (upper right columns), but caused attenuation of the reflex bradycardia (lower right columns). Again, it is noteworthy that the same response pattern of the peripheral chemoreflex was similar in normotensive and 1K1C hypertensive rats.
Discussion
The present study reports, for the first time, that the Bezold-Jarisch reflex and the peripheral chemoreceptor reflex were attenuated by acute administration of amiodarone in either normotensive or 1K1C hypertensive rats. The arterial baroreflex was also impaired by acute amiodarone administration. In addition, the reflex control of HR in 1K1C hypertensive rats was further attenuated by amiodarone. Since the reflex control of the circulation is very important for the maintenance of circulatory homeostasis, these findings deserve careful examination because acute administration of amiodarone is commonly used in clinical conditions such as myocardial infarction, which usually involve autonomic disturbances and altered cardiovascular reflexes (5).
Hemodynamic effects of amiodarone
Amiodarone elicited similar bradycardia (about 15%) in normotensive and 1K1C hypertensive rats. Bradycardia caused by iv infusion of this antiarrhythmic drug has also been observed in humans (17) and rats (9) . The negative chronotropic effect induced by amiodarone has been attributed to its depressant effect on the sinus node involving blockade of Ca 2+ L-type channels (18, 19) , prolongation of the action potential and/or reduction of the slope of the diastolic depolarization (20) . Besides its direct effect on the sinus node, amiodarone elicits bradycardia which may result from the non-competitive ß-adrenergic blockade and/or reserpine-like sympatholytic action of the drug (4). Another hypothesis to explain the effect of amiodarone on HR is the direct effect of the drug stimulating vagal activity (8) . Dias da Silva et al. (9) used spectral analysis to examine HR variability and reported that acute administration of amiodarone was associated with a significant increase in the magnitude of respiratory sinus arrhythmia, a widely recognized marker of vagal modulation of the heart (21). Moreover, recordings of efferent vagal and sympathetic activities revealed an increase in vagal activity and a decrease in the sympathetic discharge after iv administration of amiodarone to decerebrate unanesthetized rats (8) .
The hypotensive effect of iv amiodarone has been described previously in humans (7) and rats (22) and has been attributed mainly to peripheral vasodilatation, which may be associated with different mechanisms such as a reserpine-like sympatholytic vascular effect (4), an α-adrenergic-blocking action (23), or activation of nitric oxide and cyclooxygenase pathways (24) . In addition, a di-rect effect on vascular smooth muscle cells due to the Ca 2+ channel-blocking properties of amiodarone (2) cannot be ruled out. Regarding the hemodynamic effects of amiodarone, a decreased cardiac contractility (25) may also play a role in this hypotensive effect. Likewise, higher doses of amiodarone elicited vasodilatation of human veins (24) , an effect which decreases the cardiac preload, causing hypotension. The hypotensive effect of amiodarone was larger in 1K1C hypertensive rats compared to normotensive rats. Even though 1K1C hypertensive rats exhibited a higher basal MAP, a sympathetic overactivity of this hypertensive model (11) supports the notion that the greater hypotensive response involves a sympatholytic effect of amiodarone (4, 9) .
Effect of amiodarone on cardiovascular reflexes
The present study shows that amiodarone caused attenuation of the baroreflex, Bezold-Jarisch reflex and bradycardia of the chemoreflex in both normotensive and 1K1C hypertensive rats. The cardiac baroreflex gain is determined by the slope of the linear regression fitted through the reflex changes of pulse interval due to pharmacologically induced changes in MAP. Baroreceptor reflex sensitivity can also be evaluated as the ∆HR/∆MAP ratio and is reported as the index for baroreflex sensitivity. Both approaches allow separate assessment of the gain for the bradycardic and tachycardic responses, and were used in the present study to separately evaluate the reflex control of HR (26) . For a better appreciation of the cardiac baroreflex sensitivity, in the present study we used linear regression as well as the baroreflex index.
Evaluation of baroreflex sensitivity indicated that both reflex bradycardia and tachycardia were attenuated by acute administration of amiodarone in normotensive rats. Rats with renovascular hypertension exhibit a depressed reflex control of HR which has been extensively demonstrated in the literature (27, 28) . Nevertheless, amiodarone induced a further attenuation of the reflex bradycardia and tachycardia on the basis of the baroreflex index in 1K1C hypertensive rats. However, when baroreflex sensitivity was examined by linear regression, 1K1C hypertensive rats displayed a significant attenuation solely of the reflex bradycardia. There is no reasonable explanation for the discrepancy in the results observed by the two methods. Although amiodarone led to a 10 to 20% decrease in MAP and HR levels, the attenuation of baroreflex sensitivity was clearly seen by both approaches used. The present finding that amiodarone attenuated the reflex control of HR, obtained by means of the baroreflex index in normotensive and 1K1C hypertensive rats, does not confirm previous observations in normotensive Wistar-Kyoto rats and SHR (9) , since in these models amiodarone produced an increase of baroreflex sensitivity. A possible explanation for these contradictory results can be ascribed to differences in the methodological approaches. While Dias da Silva et al. (9) reached their conclusions on the basis of spectral analysis, in the present study the baroreflex index and linear regression were used. The mechanism involved in the attenuation of the baroreflex induced by amiodarone may be related to the electrophysiological actions of this drug on the heart. In vitro studies have shown that amiodarone inhibits the acetylcholine-dependent K + current (1, 29) . Thus, reflex vagal activation in response to a rise in AP may not be evident in the heart due to the blockade of the acetylcholine-dependent K + current by amiodarone. On the other hand, taking into consideration the noncompetitive ß-adrenergic blockade and reserpine-like sympatholytic action of amiodarone, the reflex sympathetic activation in response to a fall in AP might be masked by this antiarrhythmic drug. Therefore, the attenuation of the baroreflex sensi-tivity induced by amiodarone may result from a lower responsiveness of the sinus node to sympathetic and parasympathetic modulation. This hypothesis agrees with previous observations that amiodarone attenuated not only the vagal, but also the sympathetic effects on the sinus node of rabbits (30) . Furthermore, in 1K1C hypertensive rats, iv amiodarone seems to affect the vagal modulation more strongly than the sympathetic modulation. Accordingly, we suggest that the overactivity of the sympathetic system in hypertensive states may counterbalance the lower responsiveness of the sinus node to sympathetic modulation induced by amiodarone, resulting in a smaller attenuation of the reflex tachycardia than of the reflex bradycardia.
Amiodarone induced less hypotension and reflex bradycardia during the activation of the Bezold-Jarisch reflex in both normotensive and 1K1C hypertensive rats compared with vehicle-treated controls. 1K1C hypertensive rats did not present an impairment of the Bezold-Jarisch reflex compared to normotensive rats. This finding is consistent with studies that demonstrated a preserved cardiopulmonary reflex in SHR (31, 32) . A hypothesis to explain the attenuation of the bradycardia of the Bezold-Jarisch reflex induced by amiodarone may also take into consideration the electrophysiological effects of this drug involving acetylcholinedependent K + current blockade and a lower responsiveness of the sinus node to vagal activation. The hypotensive response of the Bezold-Jarisch reflex was also attenuated by amiodarone in both normotensive and 1K1C hypertensive rats. Since amiodarone seems to block the electrophysiological mechanisms involved in vagal modulation of the heart (30) it is reasonable to suggest that the lower hypotensive response could be a consequence of the attenuated bradycardia.
It is well known that the reflex bradycardia due to peripheral chemoreflex stimulation with KCN is mediated by vagal activation (33) . A similar hypothesis involving the electrophysiological effects of amiodarone could also explain the attenuation of the bradycardia induced by amiodarone in normotensive and 1K1C hypertensive rats.
The hypertensive response to peripheral chemoreflex activation was not affected by the administration of amiodarone. It is known that the pressor response of the peripheral chemoreflex is caused by sympathetic activation, which promotes peripheral vasoconstriction (34) . Although the literature (4, 9) and the findings of the present study suggest a vascular sympatholytic action of amiodarone, this mechanism was not able to blunt the pressor component of the chemoreflex. The reflex response to peripheral chemoreflex activation in 1K1C hypertensive rats did not differ from that found in normotensive rats, indicating that the peripheral chemoreflex is not affected in this chronic hypertensive state. This finding is consistent with reports of preserved peripheral chemoreflex in renal hypertensive rabbits (35) and SHR (36) .
An effect of amiodarone within the central nervous system cannot be ruled out since amiodarone has been detected in the brain 20-30 min after iv administration to rats (14) , even though there are no data describing a specific site for the action of amiodarone within the central nervous system. Moreover, a possible effect of amiodarone on the afferents of cardiovascular reflexes cannot be excluded, particularly because the literature lacks any information about such effect.
In agreement with previous observations in Wistar-Kyoto rats and SHR, the acute administration of amiodarone caused bradycardia and hypotension in both normotensive and 1K1C hypertensive rats. In addition, amiodarone attenuated baroreflex sensitivity, Bezold-Jarich reflex and bradycardia of the peripheral chemoreflex in both normotensive and 1K1C hypertensive Wistar rats. Thus, we suggest that the attenuation of the cardiovascular reflexes may be due to the electrophysiological effects of amiodarone impairing the autonomic control of the sinus node.
